INTRODUCTION
Micro-organisms and plants synthesize aromatic amino acids from the common precursor chorismate. The route to chorismate, which is known as the shikimate pathway, is the same in all species so far studied (Haslam, 1974; Weiss & Edwards, 1980) . However, there are remarkable differences between species in the organization of the enzyme activities that catalyse the seven universal reactions of the shikimate pathway. In the bacterium Escherichia coli all seven shikimate pathway activities are separate enzymes (Berlyn & Giles, 1969; Coggins et al., 1985) encoded by widely scattered genes (Pittard & Wallace, 1966) . In contrast, in the fungus Neurospora crassa five of the seven shikimatepathway activities (steps 2-6) occur as a multifunctional protein, the arom multifunctional enzyme, consisting of two identical pentafunctional polypeptides encoded by a single gene (Giles et al., 1967; Lumsden & Coggins, 1977 , 1978 Gaertner & Cole, 1977; Lambert et al., 1985; Coggins & Boocock, 1986) . Similar pentafunctional arom proteins are found, for example, in the yeast Saccharomyces cerevisiae (Larimer et al., 1983; Duncan et al., 1987) and in the fungus Aspergillus nidulans (Charles et al., 1986) . This system thus provides a stark example of a phenomenon that is not well understood. Why should a particular pathway involve multifunctional proteins in some species but not in others? Before this problem can be properly addressed all the enzymes must be fully characterized. In the case of the E. coli monofunctional enzymes this has proved difficult because of the very low concentrations at which these enzymes occur in the cell . Gene cloning and over-expression, however, provide a means of obtaining adequate quantities of all the shikimatepathway enzymes. In the present paper we report the subcloning, sequencing and overexpression of the E. coli aroE gene, which encodes shikimate dehydrogenase.
This work also forms part of the groundwork for addressing another problem: how, rather than why, did the arom protein arise? The working hypothesis in our laboratory was that this protein evolved by the fusion of genes encoding monofunctional enzymes Coggins & Boocock, 1986; Hardie & Coggins, 1986) . To test this idea it was necessary to compare the amino acid sequence of the arom multifunctional enzyme with the amino acid sequences of a set of corresponding monofunctional enzymes, such as those from E. coli. Clear precedents for multifunctional proteins arising by a gene fusion mechanism are known from the tryptophan pathway (Miozzari & Yanofsky, 1979; Zalkin & Yanofsky, 1982; Zalkin et al., 1984) . Also, evidence has been presented to demonstrate that the arom multifunctional enzyme of A. nidulans (Charles et al., 1986 ) contains a region homologous to the monofunctional E. coli 5-enolpyruvylshikimate 3-phosphate synthase (Duncan et al., 1984) and has therefore almost certainly arisen by gene fusion. Our own work has been directed towards making a detailed comparison of the sequence of the S. cerevisiae arom multifunctional enzyme with all five corresponding monofunctional E. coli enzymes Coggins et al., 1987) . The sequences of four of these five E. coli enzymes have already been reported: 3-dehydroquinate synthase (the aroB-gene product) , 3-dehydroquinase (aroD) (Duncan et al., 1986) , shikimate kinase (aroL) (DeFeyter et al., 1986; and 5-enolpyruvylshikimate 3-phosphate synthase (aroA) (Duncan et al., 1984) . Here we report the sequence of the fifth enzyme, shikimate dehydrogenase (the aroE-gene product).
The aroE gene maps at 72 min on the E. coli chromosome (Bachmann, 1983) and it is thought to be expressed constitutively (Tribe et al., 1976) . The source of the aroE gene cloned in our laboratory was the specialized transducing bacteriophage Aspcl (Jaskunas et at., 1975) . The subcloning of the aroE gene from this transducing bacteriophage into the plasmid vector pAT153 (Twigg & Sherratt, 1980) has already been described (Anton & Coggins, 1984) .
Shikimate dehydrogenase (dehydroshikimate reductase, shikimate: NADP+ oxidoreductase, EC 1.1.1.25) catalyses the NADPH-linked reduction of 3-dehydroshikimate. The E. coli K12 enzyme has been purified to homogeneity and is a monomer of Mr 30000. No domains of the arom multifunctional enzymes of A. nidulans (Charles et al., 1985) and S. cerevisiae have been reported.
MATERIALS AND METHODS Cloning in M13
The paired vectors M13mp8 and M13mp9 were used (Messing & Vieira, 1982) . All manipulations were carried out as described in the M13 Cloning and Sequencing Handbook (Amersham International, Amersham, Bucks., U.K.). The strategy used involved both random cloning of HpaII and TaqI fragments of the 1.82 kbp HindIII-ClaI pIA301 insert (into the AccI site of M13mp9) and directed cloning of defined restriction fragments.
DNA sequence analysis
Construction of recombinant M13 clones allowed the use of the dideoxy chain-termination method for DNA sequencing (Sanger et al., 1977; Messing, 1983) . All the components for DNA sequence analysis were purchased in the form of kits from Amersham International. Sequencing reactions were carried out as described in the M13 Cloning and Sequencing Handbook (Amersham International). [a-[35S] Thiol]dATP (Amersham SJ304) was used throughout as label (Biggin et al., 1983) .
Electrophoresis was on 6% polyacrylamide gels (20 cm x 40 cm x 0.4 cm). Gels were dried on Whatman 3MM paper by using a Bio-Rad model 1125 gel dryer before being autoradiographed at room temperature with Fuji RX film.
General DNA manipulations
All restriction enzymes were purchased from Bethesda Research Laboratories, Paisley, Scotland, U.K., and digestions were performed under the conditions recommended by the manufacturer. Bacteriophage T4 DNA ligase was purchased from Amersham International. Plasmid DNAs were prepared as described in Maniatis et al. (1982) . The isolation of particular restriction fragments after electrophoresis through low-meltingtemperature agarose (Bethesda Research Laboratories) was carried out as described in Maniatis et al. (1982) . Transformation of bacteria with plasmids was by the method of Dagert & Ehrlich (1979) .
Construction of pIA321
The 2.47 kbp HindIII-BamHI insert fragment from the second smallest aroE subclone pIA303 (Anton & Coggins, 1984) consists of the 1.82 kbp HindIII-ClaI fragment (which forms the insert of pIA301) plus a ClaI-BamHI fragment. To clone the 1.27 kbp HindIII-HincIl fragment (see the Results section), a HincII digest of the purified 2.47 kbp HindIII-BamHI fragment was ligated with SmaI + HindIII-cut pKK223-3 and the ligation mix was used to transform the aroE auxotrophic mutant E. coli AB2834 (Pittard & Wallace, 1966) . Following plating on L agar plus ampicillin (100 ,ug/ml) and overnight growth, the ampicillinresistant transformants were tested for the Aro+ phenotype by replica-plating on to minimal medium. Six colonies growing on minimal medium were picked, and, from small cultures grown from each, plasmid DNA was extracted (Holmes & Quigley, 1981) This was done by the method of but with the modifications given below.
Cells of the overproducing strain were grown in L broth plus ampicillin (100 ,ug/ml) in 2-litre conical flasks (each with 500 ml of culture) on an orbital shaker at 37 'C. The lac inducer isopropyl 8-D-thiogalactopyranoside was added to a final concentration of 0.5 mm 1.25 h after inoculation of the flasks (from small feeder cultures). After a total of 5.25 h growth the cultures had reached stationary phase (A650 = 3.7-3.8) and were removed to ice before being harvested by centrifugation. The Mono Q fast-protein-liquid-chromatography step required with wild-type cells is not required with the overproducing strain, for which the final step is the ADP-Sepharose column. Owing to the limited capacity of ADP-Sepharose (Pharmacia) and the large quantities of overproduced enzyme a 20 ml bed volume was used for this column rather than the 5 ml used by . The storage dialysis buffer used was 50 mM-Tris/HCl, pH 7.5, containing 50 mM-KCl, 0.4 mM-dithiothreitol, 1 mM-benzamidine and 50 % (v/v) glycerol.
Shikimate dehydrogenase was assayed in the reverse direction at 25 'C as described by but with 100 mM-Tris/HCl, pH 9.0, as the buffer rather than 100 mM-Na2CO3, pH 10.6. One unit of activity is defined as the amount of enzyme required to catalyse the conversion of 1 umol of substrate/min under the defined conditions.
Polyacrylamide-gel electrophoresis
Polyacrylamide-gel electrophoresis in the presence of SDS was performed by the method of Laemmli (1970) . Non-denaturing polyacrylamide-gel electrophoresis was done by the method of Davis (1964) .
Automatic amino acid sequencing E. coli shikimate dehydrogenase, reduced and carboxymethylated as described in Lumsden & Coggins (1978) , was sequenced in a Beckman model 890 liquid-phase sequencer as in Smith et al. (1982) . The phenylthiohydantoin derivatives of liberated N-terminal amino acids were separated and identified by chromatography on a Waters 5 /sm-particle-size Resolve C18 reverse-phase column with a pH 5.0 acetate/acetonitrile buffer gradient system as in Carter et al. (1983) . The initial amount of protein sequencing was 53 nmol and the repetitive yield from residues 1-60 was 94 % by regression analysis (correlation coefficient 0.96).
Amino acid analysis
Samples of E. coli shikimate dehydrogenase were oxidized with performic acid as in Hirs (1967) (Anton & Coggins, 1984) , which carries the aroE gene on a 1.82 kbp HindlIl-Clal fragment. This fragment was sequenced by using the M13/dideoxy chain-termination method. The overall sequencing strategy is summarized in Fig. 1 (De Boer et al., 1983) in the expression vector pKK223-3 (available commercially from Pharmacia). The first HinclI site to the right of the HindIII site in the sequenced region (see Fig. 1 ) roughly bisects the second largest ORF and gives rise to a 1.27 kbp Hindlll-HinclI fragment that carries the whole of the largest ORF but includes only the latter 250 bases of the second largest ORF. The 1.27 kbp fragment was cloned into pKK223-3 (as described in the Materials and methods section) so that it would be transcribed in the HincIl-to-HindIII direction, the correct orientation for over-expressing the product of the largest ORF. This construct is pIA321. With this plasmid in E. coli AB2834 (E. coli AB2834/ pIA321) one can obtain crude cell extracts with specific activities of shikimate dehydrogenase up to 300 times higher than in equivalent crude cell extracts of E. coli K12 (results not shown).
Strain E. coli AB2834/pIA321 provided the starting material for the large-scale purification of shikimate dehydrogenase. The purification is summarized in Table   1 . The protocol used was the same as that used for the purification of shikimate dehydrogenase from wild-type E. coli K12 with the modifications described in the Materials and methods section. In particular, the Mono Q fast-protein-liquidchromatography step needed as the final step with E. coli K12 was unnecessary. With the overproducing strain, almost homogeneous material was obtained after the penultimate Sephacryl S-200 step. The fully purified enzyme showed a single protein band after polyacrylamide-gel electrophoresis in the presence of SDS, as well as a single protein band after simple non-denaturing polyacrylamide-gel electrophoresis (gels not shown). With both these gel systems the overproduced and wildtype enzymes were indistinguishable. A yield of 10.5 mg of homogeneous enzyme was obtained from 20 g wet wt. of cells of the overproducing strain. N-Terminal amino acid sequencing and amino acid analysis of overproduced E. coli shikimate dehydrogenase
The N-terminal amino acid sequence of overproduced E. coli shikimate dehydrogenase was determined in an automated liquid-phase sequencer as described in the Materials and methods section. The identification of the first 30 amino acid residues was unambiguous and the sequence was in complete agreement with the protein sequence deduced from the gene sequence of the largest ORF in the 1.82 kbp HindIII-ClaI region. This confirmed that this ORF was the aroE coding sequence and it also established that translation starts at the first ATG codon. The complete nucleotide sequence of the aroE gene and the deduced amino acid sequence for shikimate dehydrogenase are shown in Fig. 2 .
A further 30 residues of protein sequence were determined; residues 31 and 35 were almost certainly histidine and arginine respectively, in agreement with the gene sequence, but there was slight doubt owing to the h.p.l.c. retention times of the phenylthiohydantoin derivatives being shorter than usual; residue 42 was probably aspartic acid, but the preceding asparagine residue made unambiguous interpretation difficult; residues 36, 46 and 52 could not be identified. All other residues up to and including residue 60 agreed exactly with the gene sequence.
A comparison of the experimentally determined amino acid composition of overproduced E. coli shikimate dehydrogenase with the amino acid composition predicted from the nucleotide sequence is shown in Table 2 . The overall agreement between the observed and predicted values is good. It is thus extremely unlikely that there are any frameshift errors in the aroE gene sequence.
The codon utilization of the aroE gene is shown in Table 3 . The pattern is similar to that found for E. coli genes in the moderately to weakly expressed category (Grosjean & Fiers, 1982; Gouy & Gautier, 1982) . From the bias in its codon utilization the second largest ORF in the 1.82 kbp HindIII-ClaI sequence is probably also a gene (results not shown), though its nature remains to be determined. Gly 1 G DISCUSSION With the results presented above for E. coli shikimate dehydrogenase, all five of the monofunctional E. coli enzymes that correspond to activities of the arom pentafunctional enzyme have been overexpressed, purified and sequenced (Duncan et al., 1984; DeFeyter et al., 1986; Duncan et al., 1986) . The complete sequence of the A. nidulans (Charles et al., 1986 ) and the S. cerevisiae arom polypeptides have also been deduced from the appropriate gene sequences. In Fig. 3 the sequence of E. coli shikimate dehydrogenase is compared with the sequences of the shikimate dehydrogenase domains ofthe two arom multifunctional enzymes.
All three sequences are homologous (for example 25 % of the amino acid residues are conserved between the E. coli enzyme and the S. cerevisiae domain), which is consistent with the proposal that the two arom multifunctional enzymes have mosaic structures consisting of five functional domains each one of which is homologous to the corresponding monofunctional E. coli enzyme (Charles et al., 1986; Duncan et al., 1987) .
In Fig. 3 the shikimate dehydrogenase sequences are also compared with the sequence of the inducible quinate (shikimate) dehydrogenase of N. crassa (the qa-3-gene product) (Alton et al., 1982) . This catabolic enzyme is also clearly homologous to the three biosynthetic shikimate dehydrogenases. Some 19 % of the amino acid residues are conserved between the E. coli enzyme and the inducible quinate dehydrogenase, and there are several very convincing long blocks of homology particularly within the first 153 residues of the E. coli sequence. The number of identical residues in this Nterminal region is 27 %. This is in marked contrast with the situation for the catabolic 3-dehydroquinases of N. crassa (Hawkins et al., 1982) and A. nidulans (Da Silva et al., 1986) , which show no recognizable homology with either the E. coli biosynthetic 3-dehydroquinase (Duncan et al., 1986) inducible quinate pathway, one of the enzymes (quinate dehydrogenase) is homologous to a biosynthetic enzyme that can catalyse the same reaction whereas a second enzyme (3-dehydroquinase) has no discernible primary structure homology to a biosynthetic enzyme with the same catalytic activity. It therefore appears likely that the fungal catabolic 3-dehydroquinases may have arisen by convergent evolution (Da Silva et al., 1986) .
One interesting feature of the sequence of E. coli shikimate dehydrogenase is the occurrence between residues 121 and 151 of the amino acid 'fingerprint' characteristic of an ADP-binding flafl-fold (Wierenga et al., 1986) . Following the scoring system of Wierenga et al. (1986) E. coli shikimate dehydrogenase gives a score of nine (Table 4) , which strongly suggests that it contains the recurrent fold that binds the ADP moiety of dinucleotides. This score takes account of the fact that shikimate dehydrogenase is an NADP+-linked enzyme and would therefore not be expected to have an acidic residue at the end of the fingerprint as is found for NADlinked enzymes (Wierenga et al., 1986) . This fingerprint region is particularly well conserved in all the four homologous shikimate (quinate) dehydrogenases (Fig.  3) . One interesting feature is the occurrence in the N. crassa catabolic quinate dehydrogenase of an aspartic acid residue at the final position in the fingerprint; this catabolic enzyme is NAD+-specific (Barea & Giles, 1978) , in contrast with the biosynthetic shikimate dehydrogenases, which are NADP+-specific and have threonine in this position (Fig. 3) .
In many plants the third and fourth steps of the shikimate pathway are catalysed by a bifunctional enzyme having both 3-dehydroquinase and shikimate dehydrogenase activities (Boudet & Lecussan, 1974; Polley, 1978; Mousdale et al., 1987) . There are presently no sequence data for the bifunctional plant enzyme, but the fact that the Pisum sativum enzyme is a monomer of subunit Mr 59000 is consistent with the idea that the plant enzyme consists of two functional domains, one homologous to the monofunctional E. coli 3-dehydroquinase, which has an Mr of 26 377 (Duncan et al., 1986) , and one homologous to E. coli shikimate dehydrogenase (Mr 29380) ; the present study).
The three-dimensional structures of a number of NADP+-linked dehydrogenases are now known and they appear to be more diverse in structure than the known NAD+-linked dehydrogenases (Adams et al., 1983) . The known sequence of E. coli shikimate dehydrogenase, the availability of relatively large amounts of the enzyme and the fact that it is a monomer make this protein of interest to those wishing to investigate further the diversity of structures among NADP+-linked dehydrogenases.
